Electron microscopy (EM) is seldom used with in situ hybridization to localize DNA sequences because banding methods for chromosome identification could not be coupled to EM techniques. We have applied an immunochemical replication-banding method specific for EM to solve this problem. A thymidine synchronization/BrdUrd release protocol allows BrdUr4 Jcorporation only into late replicating bands. A biot d DNA probe is hybridized in situ to its complementary sequence. The biotinylated probe and the BrdUrd-substituted DNA are simultaneously localized by different reporter/detection systems using different-sized colloidal gold particles as electron-dense tags. We demonstrate the high precision of this mapping procedure by localizing on long prophase chromosomes (>1000 bands per haploid set) the pXBR-1 sequence to a small subregion of the centromeric subband Xpll.1-Xqll.1. This localization to a part of an individual prophase subband is the most precise localization ever reported on human banded mitotic chromosomes.
Localization of gene sequences to chromosomes using in situ hybridization is usually done with light microscopy (LM). Attempts with electron microscopy (EM) are scarce and limited to detecting repeated DNA sequences along unbanded chromosomes (1-5). The major limitation to greater use of EM for DNA sequence mapping was the inability to apply banding techniques along with EM localization techniques. A few years ago, Li et al. (6) reported hybridization of repeated oramplified genes. The radiolabeled probe was in situ hybridized, and chromosomes were treated with trypsin to produce a G-band pattern and photographed on glass slides before transfer onto EM grids. Faint G-band structures were observed in EM while simultaneously visualizing the hybridization sites. There has been no continuation to this method because autoradiographic studies in EM are cumbersome, the background is high, two screenings of slides and grids are necessary, and the contrast between the bands is too weak to allow precise assignment of the hybridization sites to the chromosome bands.
Compared to autoradiographic techniques, nonisotopic in situ hybridization procedures, as developed for LM, show numerous advantages (7)-greater speed and precision, lower background, longer probe stability, and the availability of different reporter/detection systems to simultaneously localize several probes (8) (9) (10) (11) (12) (13) (14) (15) . These LM techniques, by allowing one-step disclosure of the hybridization sites and chromosome bands, significantly improve the rapidity and precision of mapping (16) (17) (18) (19) . Nonisotopic methods are also suitable for immunogold labeling and gold particles are the tag of choice for EM detection (20) .
The need to localize numerous closely linked genes requires sequence mapping at higher resolution. Mapping DNA fragments on elongated chromosomes is one way of ensuring a better resolution. This specifies the localization at the subband level. Another way is to make use of the high resolving power available by EM. Therefore, the highest resolution can be achieved by mapping DNA sequences on long prophase chromosomes by EM. Thus, the purpose of this study was to develop for EM a nonisotopic immunochemical procedure that gives, in one step, a specific hybridization signal on banded chromosomes at any mitotic stages from prophase to metaphase. We adapted our gold-labeling method, which produces chromosome banding specific for EM (21) (22) (23) , to produce the immunochemical banding of chromosomes on which a DNA sequence had just been hybridized. The biotinylated probe and the bands were disclosed with gold particles of two different sizes. We demonstrated the higher level of resolution afforded by this procedure by localizing DNA sequences to a subregion of small prophase subbands with chromosomes showing >1000 bands per haploid set.
MATERIALS AND METHODS
Lymphocyte Culture and Chromosomal Preparations. Human peripheral lymphocytes were grown for 54 hr and blocked in S phase by thymidine (300 jg/ml) for 17 hr. The blocking agent was removed and the cells were grown for another 4.5 hr in the presence of BrdUrd (30 ,ug/ml) (24) . This thymidine synchronization/BrdUrd release protocol allows BrdUrd incorporation only into late replicating bands, the G and C bands.
The best mitoses were selected and located (22, 25) . In situ hybridization, probe detection, and chromosome banding were performed on glass slides and the selected mitoses were transferred to the EM grids at the end of the protocol.
Probes. The DNA probe pXBR-1, chromosome X-specific DNA a satellite (26), and the probe for human ZFY (zinc finger protein, Y linked) gene [p06185, 1.3 kilobases (kb), from American Type Culture Collection] (27) were biotinlabeled by nick-translation.
In Situ Hybridization. Slide preparations were dehydrated in an ethanol series. To denature the double-stranded DNA, the slides were placed for 2 min at 70'C in a 70% solution of formamide in 2x SSC at pH 7. Following denaturation, they were immediately immersed in 10% formalin for 2-3 min at room temperature and then quickly dehydrated through 70%, 80%, 90%, and 100% ethanol for 2 min each at -200C.
Manipulations were resumed only after the alcohol had evaporated.
Abbreviations: EM, electron microscopy; LM, light microscopy. 
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The probe was denatured at 900C for 10 min and then quickly cooled on ice. Each slide received 20 ng of the biotinylated probe in 20 A.l of hybridization mixture and was covered with a plastic film (11). The slides were then placed in a humidified plastic box, at 370C, overnight. The slides were washed once at 420C in 2x SSC containing 50% formamide, at pH 7, for 2 min and twice in 2x SSC at 420C for 2 min each. From this step on, the slides had to be kept humid.
Probe Detection. After 2x SSC baths, slides were rinsed for 5 min in a modified isotonic phosphate-buffered saline (PBT-:PBS, pH 7.4/0.1% Tween 20/0.15% bovine serum albumin) and incubated with 50 A.l of rabbit anti-biotin antibody (Enzo Biochem) diluted 1:100 in PBT for 45 min at 370C in a humid chamber. Slides were subjected to two 5-min rinses in PBT.
For gold labeling, two methods were used. In the strepta- (22, 23) , went as follows. To detect the BrdUrd, a mouse monoclonal antiBrdUrd antibody (Partec, Switzerland) diluted 1:10 was layered over the slides, which were placed for 45 min at 37°C. After rinsing, the slides were then incubated for 45 min at 37°C with a rabbit anti-mouse antiserum (DAKO, Carpinteria, CA), diluted 1:25, and 30 min at room temperature with a protein A-gold complex (6 or 15-17 nm). After three 5-min washes, the material was fixed in 3.0% phosphate-buffered glutaraldehyde for 30 min at room temperature (23).
Previously selected, well-spread mitoses were transferred from the glass slides to the EM grids (25) and examined unstained in a Siemens Elmiskop 1A electron microscope operated at 60 kV.
RESULTS AND DISCUSSION
The hybridization sites of the biotinylated probe were specifically revealed with either small (6 nm, Fig. 1 A and B) or larger (30 nm, Fig. 1C ) gold particles. Gold particles were coupled to either protein A or streptavidine. Fig. 1 shows the hybridization of pXBR-1, with an accumulation of gold particles on the centromeric region of the X chromosomes. Proteinase K treatment does not improve hybridization or banding nor does it affect the background. Although the background over chromosomes is always very low, the number of gold particles is higher outside the chromosomes than on the chromosomes themselves (Fig. 1B) , allowing for an unambiguous hybridization signal along the chromosomal axis even with small amounts of particles at the hybrid site. It seems that free and complexed gold particles do not bind nonspecifically to chromatin, presumably due to an electrostatic repulsion since both possess a net negative charge (4).
At high magnification, it is very easy, even with the smallest particles, to discriminate the gold particles at the hybridization sites or on the bands (Figs. 1 B, C and 2B). The particles do not aggregate. The fact that the particles are homogeneous in size (Figs. 1 B and C and 2B) is an asset for double labeling. We repeatedly observed that more compact labeling is related to the use of the smaller gold particles. The less compact labeling obtained with larger particles possibly results from repulsion caused by strong negative charges on the colloidal gold particle surfaces and in the chrornatin. It should be noted that there is no need for silver enhancement of the smaller particles since this procedure produces particles of heterogeneous sizes and a coalescence of several gold particles (28).
In our reporter/detection system (7), the reporter is either biotin (DNA sequence labeling) or BrdUrd (chromosome Proc. Natl. Acad. Sci. USA 88 (1991) band labeling). We found it essential to complete the reporter/detection system for the biotin before initiating the reporter/detection system for the BrdUrd because the BrdUrd reporter is in great excess over the biotin reporter. Hence, to permit a good access to the probe, the hybridization signal is revealed and then, the chromosome bands.
The BrdUrd incorporated in the late replicating bands is revealed with the anti-BrdUrd antibody and gold particles of a size different than that used for probe detection. The late replicating G and C bands are revealed on the chromosomes along with the hybridization signal (Figs. 2, 3 A and B, and 4) . We found that using 6-nm gold particles for chromosome banding produced bands that show a much more compact labeling than that observed with the 15-nm or larger gold particles (Figs. 2, 3A , and. 4B). At low magnification, the smaller particles are not individualized and thus provide a clearer band pattern ( Figs. 2A and 3A) .
A formaldehyde treatment was introduced to obtain the highest quality of chromosome banding after the in situ hybridization. Hot formamide was used to denature the chromosomal DNA for subsequent probe hybridization. This treatment is also necessary to optimally expose the BrdUrd epitope (29) , which is inaccessible when BrdUrd-substituted DNA is in the double-stranded configuration (30, 31 ). An overnight incubation with the hybridization mixture following formamide denaturation is associated with a considerable renaturation of in situ DNA and the banding quality obtained is consequently decreased (Fig. 3C ). Since the duration ofthe hybridization cannot be shortened without affecting the efficiency of the hybridization, formaldehyde was used to impede the in situ DNA renaturation.
Immediately following formamide denaturation, treatment with formaldehyde, an amino group reagent, allows highquality banding even after 18 hr of incubation with the hybridization mixture (Fig. 5, plot A) . Reassociation of the two strands is prevented by the hydroxymethylation of the amino-groups within guanine and adenine in single-stranded DNA (34) . On the other hand, without formaldehyde, there is a progressive decrease in the banding quality with the incubation time (Fig. 5, plot B) ; the banding never completely disappeared, indicating an incomplete in situ renaturation. Indeed, after in situ DNA denaturation, during hybridization, renaturation occurs in two phases (32). In the first phase, when denatured chromosomes and nuclei are subjected to DNA annealing conditions, about 35% of the single-stranded DNA renatures rapidly (half-life, 10-15 sec). In the second phase, the remaining single-stranded DNA renatures very slowly and then the BrdUrd becomes unaccessible to the antibody. We did not observe this biphasic reaction. The slow reannealing phase is consistent with our observation of a gradual decrease in banding quality over 18 hr when formaldehyde was not used to prevent renaturation.
EM not only allows precise localization of the DNA fragments within a subband but may be used almost quantitatively to reveal the amount of complementary sequences in the subband. The major site of hybridization of pXBR-1 is the centromeric region of the X chromosome (subband Xpl1.1-Xqll.1) and the probe shows preferential central localization on the centromeric subband, leaving peripheral portions of the subband free of hybridization signal (Fig. 2B) . As Yang et al. (26) -reported, other chromosomes show more or less consistent but significantly lower levels of hybridization. However, the probe does not hybridize in the very center of the centromeric subband in any chromosomes. Indeed, Fig.  3B clearly illustrates that for chromosomes 2 and 13, the weak hybridization signal is only found on the distal third of the subband toward the long arm. The extremely high resolution afforded by the procedure, which combines long prophase chromosomes (>1000 bands per haploid set) and EM, allows the localization of a DNA sequence to a portion of an individual prophase subband. This resolution shows that the alphoid satellite DNA and related sequences are unevenly distributed within the centromeric subband. Applying the same procedure, we were able to clearly visualize, within a subband, single-copy DNA sequences. Fig. 4 shows the 1.3-kb probe for ZFY (27) hybridized on the short arm of the Y chromosome.
The protocol used to incorporate BrdUrd also allows us to determine the replication time of bands. Indeed, high thymidine concentration blocks S phase progression near the R BrdUrd substitutes only the DNA replicated after the block (i.e., G and C bands) (24, 35). The occurrence of large gold particles among the smaller ones indicates that the probe hybridized to a late replicating subband (Figs. 2B and 3B) .
As an alternative to colloidal gold for the electron-dense marker, the horseradish peroxidase with diaminobenzidine (DAB) staining is commonly used in EM to detect the probe (2) or reveal the bands (28, 36). However, we found that this labeling shows less contrast, is not quantifiable, and is much less precise because ofa halo effect (data not shown). Indeed, during the DAB-H202 reaction, the dye deposits become confluent and it is very difficult to avoid exceeding the hybridization sites or the BrdUrd-substituted bands.
Any 
